Haem oxygenase (HO) degrades free haem released from haem proteins with the generation of ferrous iron (Fe 2+ ), biliverdin-IXa (BV-IXa), and carbon monoxide (CO). The mechanism of haem cleavage has been conserved between plants and other organisms even though the function, subcellular localization, and cofactor requirements of HO differ substantially. The crystal structure of HO1, a monomeric protein, has been extensively reported in mammals, pathogenic bacteria, and cyanobacteria, but no such reports are available for higher plant HOs except a predicted model for pea HO1. Along with haem degradation, HO performs various cellular processes including iron acquisition/ mobilization, phytochrome chromophore synthesis, cell protection, and stomatal regulation. To date, four HO genes (HO1, HO2, HO3 , and HO4) have been reported in plants. HO1 has been well explored in cell metabolism; however, the divergent roles of the other three HOs is less known. The transcriptional up-regulation of HO1 in plants responds to many agents, such as light, UV, iron deprivation, reactive oxygen species (ROS), abscisic acid (ABA), and haematin. Recently the HO1/CO system has gained more attention due to its physiological cytoprotective role in plants. This review focuses on the recent advances made in plant HO research involving its role in environmental stresses. Moreover, the review emphasizes physiological, biochemical, and molecular aspects of this enzyme in plants.
Introduction
Haem oxygenase (HO; EC 1.14.99.3) is a ubiquitous, sensitive, and highly active enzyme, which catalyses the stereospecific cleavage of haem to BV-IXa with the release of iron (Fe 2+ ) and carbon monoxide (CO) (Fig. 1 ). This enzyme was originally identified as a key enzyme in the degradation of haem through its role in bilirubin (BR) production in rat liver (Tenhunen et al., 1968) and finally characterized as a distinct protein entity (Yoshida and Kikughi, 1974) . However in photosynthetic organisms, HO was first identified in the red algae Cyanidium caldarium (Troxler et al., 1979) . Later Muramoto et al. (1999) reported the gene for HO in Arabidopsis thaliana using the mutant hy1. In mammals, the enzyme has a role in the haem degradation pathway and has attracted more interest as a modifier of oxidative susceptibility. Much of the research concerning the possible existence of HO in plants has taken into account the mammalian counterpart. Now genes encoding HOs have been isolated from a wide variety of organisms including mammals, higher plants, red algae, cryptophytas, cyanobacteria, and pathogenic bacteria (Muramoto et al., 1999; Ortiz de Montellano and Wilks, 2001; Terry et al., 2002; Balestrasse et al., 2008) . Further research on structural aspects of HOs suggests that the fold of HO is a single compact domain consisting of mostly a-helices (Unno et al., 2007) . Overall, the crystal structures of rat HO-1, Corynebacterium diphtheriae HmuO, Neisseria meningitides HemO, Pseudomonas aeruginosa PigA, and Synechocystis sp. PCC 6803 SynHO1 (Fig. 5 ) and SynHO2 (Fig. 5) (Sugishima et al., 2000 (Sugishima et al., , 2004 (Sugishima et al., , 2005 Hirotsu et al., 2004; Schuller et al., 2001; Friedman et al., 2004) are similar to that of human HO-1. All the HO proteins listed above are monomeric except for SynHO2 (Sugishima et al., 2005) . However, the crystal structure of HO in higher plants has yet to be elucidated. The only report of plant HO structure has come from the study of Linley et al. (2006) . These authors predicted the structure of pea HO1 (PsHO1) by using the crystal structure data from homologous animal and bacterial HOs and demonstrated a high degree of structural conservation despite limited primary sequence homology.
The mechanism of haem degradation (Fig. 2 ) by HO is a common feature of all organisms. The enzyme exhibits different enzymatic characteristics in different organisms, due to the diversity of its reaction products. In mammals, biliverdin-IXa (BV-IXa) is reduced to BR, through the action of biliverdin reductase, which is then conjugated to glucuronic acid prior to excretion (Oritz de Montellano and Wilks, 2001 ). However, in cynobacteria and algae, it is a precursor of phycobilin synthesis used for light harvesting during photosynthesis (Beale, 1993) . In reptiles, fish, insects, and eggshells of birds, BV-IXa is used directly for pigmentation and it has been shown to function as a signalling molecule during dorsal development in Xenopus laevis embryos (Falchuk et al., 2002) . In higher plants, the role of HO which has been investigated so far is in association with the pathway leading to phytochrome chromophore metabolism. BV-IXa is reduced to phytochromobilin (PUB), the chromophore of the phytochrome family of photoreceptors (Terry et al., 1993 that have a function in photomorphogenesis under light signalling (Davis et al., 1999 (Davis et al., , 2001 Emborg et al., 2006) . However, recently a few reports have brought to light the fact that HO is also involved in cell protection against oxidative stress in plants.
In mammals, both BV-IXa and BR have been shown to have strong antioxidant properties in vitro (Stocker et al., 1987) and this has led to speculation that HO might have a protective role against tissue injury (Platt and Nath, 1998) . The role of HO and its products BV and BR as a component of the antioxidant defence system in animals and plants is now well documented (Stocker, 1990; Ryter and Tyrrel, 2000; Gonzales et al., 2002; Noriega et al., 2003 Noriega et al., , 2004 Balestrasse et al., 2008) . At the same time, the release of iron and subsequent induction of iron-sequestering proteins such as ferritin has also been proposed as an important function of HO in counteracting stress conditions in mammalian cells (Vile et al., 1994) , but still no such reports are available in the case of plants. It has been well documented that HO1 is an inducible enzyme and can be induced by several factors including its own substrate haem, several haem proteins, heavy metals, UV-A and UV-B radiation, hypoxia, hyperoxia, and others (Maines and Kappas, 1976; Maines, 1988; Keyse and Tyrrel, 1989; Tomaro et al., 1991; Noriega et al., 2004; Yannarelli et al., 2006; Balestrasse et al., 2008) . Finally high levels of HO expression in the mammalian nervous system, with the identification of physiological responses to CO, have led to the proposal that HO may specifically mediate the release of CO in neural cells, where it is thought to have a signalling role (Maines, 1997) . In higher plants, moreover, all these mechanisms such as the antioxidant property of BV and the role of CO in cell physiology linked with a HO-catalysed reaction are far less well understood and require detailed research. However, a few recent reports related to these aspects in plants are mentioned later in this review.
HO in plants: a general overview
During the last decade, the genes for HOs have been identified in a wide range of biological species and some of them have been characterized (Schmitt, 1997; Zhu et al., 2000; Ratliff et al., 2001) . However, its presence in photosynthetic organisms was first confirmed in C. caldarium (Troxler et al., 1979 ). This algal HO was then measured (Beale and Cornejo, 1984) and partially purified (Cornejo and Beale, 1988) . In higher plants, the similarity of the phytochrome chromophore (PUB) to phycobilins and the report showing that BV-IXa was the precursor of PUB led to the proposal that a similar pathway might be utilized for PUB synthesis (Elich et al., 1989) . The role of HO in plants was finally resolved through the analysis of mutants unable to synthesize PUB (Terry, 1997) . Subsequently the positional cloning of an equivalent mutant of Arabidopsis, hy1, demonstrated that the affected gene HY1 had sequence similarity to mammalian and cyanobacterial HOs (Davis et al., 1999; Muramoto et al., 1999) and the gene product had HO activity in vitro (Muramoto et al., 1999) . Finally this gene was named HO1 in the plant system. Several other equivalent photomorphogenetic mutants in different species have been identified, such as sec-5 in rice; yg-2 in tomato; pcd-1 in pea; and ptr-116 in moss . As a plastid-localized enzyme, it might be predicted that A. thaliana HO1 (AtHO1) would be most similar to the algal HOs that are encoded in the plastid genome (Reith and Munholland, 1995; Richaud and Zabulon, 1997) or the corresponding cyanobacterial enzyme (Cornejo et al., 1998) . In higher plants, the gene for HO has been identified in moss plants, several angiosperms (maize, barley, cotton, tobacco, tomato, pea, soybean, rice, and sorghum), and a gymnosperm (loblolly pine), as well as A. thaliana (Arabidopsis Genome Initiative, 2000; Davis et al., 2001) . Plant HOs comprise a small gene family with four members in total. This family can be categorized into two distinct classes on the basis of amino acid sequence alignments in HO proteins. One subfamily includes HO1-like genes (including HO3 and HO4 of Arabidopsis) and another includes HO2 genes (Davis et al., 2001; Emborg et al., 2006) . All the four members of the HO family in Arabidopsis are transcriptionally active with substantially overlapping patterns of expression (Emborg et al., 2006) . The recent results of Matsumoto et al. (2004) showed that HO1 is clearly the most highly expressed, followed by HO2, with both HO3 and HO4 expressed at low levels.
The amino acid sequences reported for higher plant HOs are found to be highly homologous to each other; for example, Glycine max HO1 (GmHO1) has 71.7% homology to AtHO1, and HOs from other plant species have similar levels of homology. In contrast, the homology in amino acid sequences between plant HOs and HOs from other biological species is quite low, for example 21% to SynHO1, 22% to rHO-1, 23% to HmuO, and 21% to HemO. Comparison of sequence alignment reveals that the catalytically pivotal residues, Gly139 and Asp140, of human HO-1 (and also rHO1) are replaced by alanine and histidine, respectively, in GmHO1, although the residues comprising the distal F-helix part are relatively well conserved in the whole sequence of GmHO1 (Gohya et al., 2006) . Recently the secondary structure of GmHO1 has been estimated (Gohya et al., 2006) and it suggests that in spite of low homology in the amino acid sequence, the GmHO1 protein consists of eight a-helices common to other HOs whose crystal structures are already known (Schuller et al., 2001; Hirotsu et al., 2004; Sugishima et al., 2004 Sugishima et al., , 2005 . This secondary structure also shares similarity to the structure of pea HO1 (Linley et al., 2006) . The haem-GmHO1 complex structure was also reported to be similar to that of SynHO1 or rHO-1 (Gohya et al., 2006) . However, a lot of work regarding the HO gene, protein structure, and gene expression in plants still remains to be carried out.
Recently Gohya et al. (2006) reported that GmHO1 binds haem with 1:1 stoichiometry at His30; this position does not correspond to the proximal histidine of other HOs in their sequence alignment. The haem bound to GmHO1, in the ferric high-spin state, exhibits an acid-base transition and is converted to BV-IXa in the presence of NADPH/ferredoxin reductase/ferredoxin, or ascorbate. Thus, the mechanism of haem degradation by GmHO1 appears to be similar to that of known HOs, despite the low sequence homology. The haem conversion by GmHO1 is as fast as that by SynHO1 in the presence of NADPH/ferredoxin reductase/ferredoxin, thereby suggesting that the latter is the physiological electron-donating system in higher plants. AtHO1 was also able to bind to haem and form a stable complex with a similar absorption spectrum to that obtained with mammalian HO (Muramoto et al., 2002) . This suggests that although the amino acid sequences of GmHO1 and AtHO1 are not clearly related to mammalian HO sequences, the structure of the haem-binding site is conserved. HO1 expression is conserved evolutionarily and the basic mechanism of haem cleavage has been conserved between plants, animals, and other organisms even though the function and other properties differ substantially (Muramoto et al., 2002; Gohya et al., 2006) . However, higher plant HOs have not been investigated on a molecular basis by applying multiple spectroscopic methods to the purified protein and are now the least studied HOs.
In higher plants, a chloroplast location for HO1 was confirmed using a green fluorescent protein (GFP) reporter and immunoblot studies, which demonstrated that HO1 was found predominantly in stroma (Muramoto et al., 1999) . However, to date it is not clear whether HO1 has its origin in the plastid genome or has a different lineage. While HO1 has been shown to be localized to the chloroplast, the intracellular distribution of the other three HOs remains to be demonstrated. Like HO1, HO2, HO3, and HO4 appear to have an N-terminal transit peptide sequence for chloroplast import, but it remains possible that other destinations exist, including mitochondria that can use the encoded enzymes to metabolize haem-containing proteins found in high concentrations in this compartment. Recent evidence show that some N-terminal sequences can simultaneously target proteins to both mitochondria and chloroplasts (Silva-Filho, 2003; Rudhe et al., 2004) and one or more AtHOs can be directed to both compartments, but it does not appear to be the norm for other plant species.
The transcriptional up-regulation of the HO1 gene in plants responds to many agents, such as light, UV, iron deprivation, reactive oxygen species (ROS), abscisic acid (ABA), and haematin (Table 1 ). According to traditional concepts, in plants the only role attributed to HOs is their participation in the biosynthetic pathway leading to phytochrome chromophore synthesis, functioning in mediating photomorphogenesis, by light signalling used to sense mainly red light and far-red light (Muramoto et al., 2002; Terry et al., 2002; Kohchi et al., 2005; Emborg et al., 2006; Gohya et al., 2006) . So far, the HO1 gene and the HO3 and HO4 genes of Arabidopsis have been expressed in Escherichia coli, and Cd-induced expression of HO1 in soybean leaves has also been reported (Davis et al., 2001; Muramoto et al., 2002; Noriega et al., 2004; Emborg et al., 2006) . In the latter studies, it was suggested that plant HOs also play a role in protection against oxidative cell damage (Noriega et al., 2004; Balestrasse et al., 2005 Balestrasse et al., , 2008 . More recently, the PsHO1 gene of pea was expressed, and the HO activity of the protein product was examined (Linley et al., 2006) . The obtained proteins bind haem to generate a 1:1 complex; CO and BV-IXa are generated through haem catabolism, thereby confirming HO1 activity in pea.
The evolutionary relationship of higher plant HO with other organisms
The location of HO in plastids suggested that ferredoxin could be the preferred electron donor; however, analysis of known HO sequences indicates that the core domain of AtHO1 appears to be as divergent from a branch containing algal and cyanobacterial sequences as it was from mammalian sequences (Davis et al., 2001; Terry et al., 2002) . Nuclear-encoded Arabidopsis proteins predicted to be of plastid origin have generally been shown to be most similar to proteins from the cyanobacterium Synechocystis sp. PCC 6803 (Arabidopsis Genome Initiative, 2000) . Alternative origins include retention of a HO progenitor from the nuclear or mitochondrial genomes (Davis et al., 2001) . On the basis of genomic organization, a phylogenetic tree from higher plant, cyanobacterial (Cornejo et al., 1998) , algal (Richaud and Zabulon, 1997) , and human (Platt and Nath, 1998) HOs confirmed that plants have two subfamilies of HO genes, HO1-like and HO2-like (Davis et al., 2001) . Members of the HO1 subfamily were detected in moncots, dicots, and a gymnosperm, with multiple forms present in Arabidopsis, suggesting that this family is widespread in higher plants, with each species potentially containing multiple members. In contrast, members of the HO2 subfamily have been detected thus far only in angiosperms with a single member present in Arabidopsis, suggesting that this family arose more recently in plant evolution.
However, HO protein sequences from higher plants were found to be equally divergent from mammalian and cyanobacterial or algal (including those present on the algal plastid genome (Richaud and Zabulon, 1997) sequences but, preliminary biochemical evidence suggests that plant HO1 is more similar to its cyanobacterial and algal counterparts than to the mammalian enzymes. Recently, more information on this aspect has come from a phylogenetic tree study of plant HOs constructed by Linley et al. (2006) . The tree was constructed using only complete HO protein sequences from a combination of published sources (Davis et al., 1999 (Davis et al., , 2001 Muramoto et al., 1999; Izawa et al., 2000; Franklin et al., 2003) and expressed sequence tag (EST) databases. Similar to the previous reports by Davis et al. (2001) two main divisions of plant HO enzymes were identified. The pea HO identified by Linley et al. (2006) in his study clearly groups with the HO1-like sequences reported previously, supporting its designation as PsHO1. PsHO1 clearly groups with other sequences from the Leguminosae such as Medicago truncatula and soybean. Interestingly, while only a single example of a HO2-like sequence has been found in each of the species, Arabidopsis, soybean, apple, and maize, all have two or more HO1-like sequences. This pattern is most likely to result from gene duplication of an ancestral copy of HO1 following speciation, and therefore pea does not necessarily contain more than one HO1-like sequence (Linley et al., 2006) .
Arabidopsis HO1 is a soluble protein that is able to utilize ferredoxin and a ferredoxin-NADP + oxidoreductase in vitro (Muramoto et al., 1999) . These properties have also been observed for the cyanobacterial (Cornejo et al., 1998) and algal (Beale, 1993; Cornejo and Beale, 1988; Beale, 1992) enzymes. In contrast, mammalian HO uses NADPH-cytochrome P450 reductase (Ortiz de Montellano ) and is membrane bound through a hydrophobic C-terminal extension (Schuller et al., 1999) that is absent from plant HOs (Davis et al., 1999 (Davis et al., , 2001 Muramoto et al., 1999) . Iron release in the plant HO reaction seems to be tightly regulated in vivo since the presence of an iron chelator which is not required for animal and bacterial enzymes is essential for the in vitro reaction of plant HOs (Muramoto et al., 2002) . The biochemical activity of PsHO1 expressed in E. coli demonstrated requirements for reduced ferredoxin, a secondary reductant such as ascorbate, and an iron chelator for maximum enzyme activity (Linely et al., 2006) Dependence on these electron-donating systems for the full activity of the enzyme support the above-mentioned evolutionary relationship of plant HOs to other organisms.
Plant HO at the level of the gene
Identification of mutants, hy1 (Davis et al., 1999; Muramoto et al., 1999) and hy2 (Koornneef et al., 1980) in Arabidopsis corresponding to conversion of haem to BV-IXa (Weller et al., 1996) and the reduction of BV-IXa to 3Z-PUB (Terry et al., 1995) led to the positional cloning of the HY1 locus (in this paper HO1) (Muramoto et al., 1999) and isolation of the HY2 gene from Arabidopsis by map-based cloning (Kohchi et al., 2001) . To create a unified HO nomenclature within plants that agrees with that used for HOs from other kingdoms, the various plant genes that encode HOs have been given the designation HO with a prefix that identifies the species. However, preliminary analysis of the Arabidopsis genome indicated that other HO genes are present, including one designated AtHO2 only ;40 kb away from AtHO1 on chromosome II (Davis et al., 1999) . Three additional genes for HO (AtHO2, AtHO3, and AtHO4) that show sequence similarity to AtHO1 were also detected in the genome sequence database (Davis et al., 1999; Muramoto et al., 1999) . Expression of the HO1, HO3, and HO4 genes of Arabidopsis in E. coli has been reported (Davis et al., 2001; Muramoto et al., 2002; Emborg et al., 2006) . Recently, the function of HO3 and HO4 genes in Arabidopsis has been reported. Through a phenotypic analysis of T-DNA insertion mutants affecting HO3 and HO4 in combination with mutants affecting HO1 or HO2, Emborg et al. (2006) demonstrated that both of the encoded proteins also have roles in photomorphogenesis, especially in the absence of HO1. Thus, while HO1, HO3, and HO4 are bona fide HOs, no similar enzymatic activity for HO2 has been reported, possibly because of its poor solubility (Emborg et al., 2006) . HO2 was considered unique within the HO family due to its phylogenetic separation from HO1, HO3, and HO4 and the relative conservative replacement of an arginine for the histidine that is considered important for the bilin oxygenase activity of its mammalian orthologues (Davis et al., 2001 ). However, a specific role for AtHO2 in phytochrome chromophore biosynthesis has now been proposed (Emborg et al., 2006) .
Many putative HO genes have been identified from other plant species as EST cDNAs, including soybean, tomato, wild tomato, potato, ice plant, Medicago truncatula, Lotus japonicus, corn, rice, sorghum, barley, wheat, and pine. The cDNAs for GmHO1 and GmHO3, tomato LeHO1 and LeHO2, pine PtHO1, and sorghum SbHO1 and SbHO2 were sequenced in their entirety. With the exception of GmHO1 and GmHO3 and sorghum SbHO1, all these HO cDNAs were predicted to contain the entire coding region. None appeared to be allelic variants, which suggests that each clone represents an independent gene (Davis et al., 2001) . However, the temporal and spatial expression profile of these HOs slightly overlapped with that of AtHO1 (Kohchi et al., 2005) . This difference is probably the reason why the hy1 mutant was isolated in spite of genetic redundancy, and individual HOs might have had specific roles in different developmental stages and events. The genomic sequences of the four Arabidopsis HO genes and the tomato LeHO1 and rice OsHO1 genes were assembled and compared with their respective cDNAs to determine gene organization (Davis et al., 2001) . The coding regions of four of the five (the exception being AtHO1, which contains only two introns) are interrupted by three introns whose splicing boundaries are positionally conserved (Davis et al., 2001) . Moreover, the coding regions of the last three exons of AtHO2, AtHO3, AtHO4, LeHO1, and OsHO1 are of the same length in each gene (224, 108, and 93 bp). Although AtHO1 contains only three exons, its third exon is the exact sum (201 bp) of the third and fourth exons (108+93 bp) of the other plant HO genes. The similarity of this organization from widely divergent plants suggests that plant HO genes arose early in higher plant evolution by gene duplication events. Further, evolutionary pressures have apparently maintained the exact sequence length conservation seen in the latter exons of plant HO genes. Following the duplications and divergence that created the Arabidopsis HO1 subfamily, the AtHO1 gene presumably then lost its third intron (Davis et al., 2001) . Interestingly, while all plant HO1-like genes contain the conserved histidine that functions as the proximal haem ligand [His25 in mammalian HO1 (Ortiz de Montellano and )], in the HO2 genes this is not the case. The functional implications of such a substitution are not yet clear.
HO protein and its structural aspects
HO is actually not a haem protein by nature, but it binds haem to form a 1:1 complex (Yoshida and Kikuchi, 1978; Kikuch et al., 2005) . Thus, so far, the structures of seven HOs have been determined by X-ray crystal analysis (Kikuchi et al., 2005) . These include human and rat HO-1s of mammalian origin, three HOs of bacterial origin, HemO, HmuO, and PigA, and two HO isoforms of cyanobacterial origin, SynHO1 (Fig. 5) and SynHO2 (Fig. 5) ; along with these, a three-dimensional model of the structure of pea HO1 has been traced. All the HO proteins listed above are monomeric, except for SynHO2, which forms a homodimer through the interaction of the extended C-terminal segments. The physiological significance of dimerization, however, has yet to be elucidated (Sugishima et al., 2005) . The crystal structure of HO-1 in mammals reveals that the haem is sandwiched between two helices termed as the proximal and distal helices, with the d-meso (or b-meso) edge and the propionates exposed at the molecular surface (Unno et al., 2007) . These two helices contribute most of the contacts to the haem group. The proximal helix contains His25, which is the proximal haem ligand. In the substratefree form, the 'proximal' and 'distal' helices, which sandwich the haem group during three successive oxygenation processes, move further apart with changes in their conformations, resulting in opening of the haem pocket so as to facilitate haem binding (Unno et al., 2007) . The electrostatic potential on the surface surrounding the exposed edge of the haem group is positive in mammalian HO-1. The positively charged molecular surface seems to be advantageous to form a complex with the electron donor, NADPHcytochrome P450 reductase, which has a predominantly negatively charged surface (Chu et al., 2000) . A similar feature is also traced in SynHO1, but the positively charged area is narrower than that of mammalian HO-1 (Sugishima et al., 2004) . This may reflect the size of the physiological redox partner because reduced plant-type ferredoxin, a small acidic iron-sulphur protein, is a possible electron donor for SynHOs (Cornejo et al., 1998) .
In higher plants, the AtHO1 gene encodes a single open reading frame of 282 amino acids with a predicted molecular mass of 32.6 kDa. This includes a 55 amino acid chloroplast transit peptide, predicting a mature protein of 26.6 kDa following cleavage of the transit peptide (Muramoto et al., 1999; Terry et al., 2002) . This putative chloroplast transit peptide in AtHO1 is rich in serine (12 of the 55 amino acid residues are serines) (Muramoto et al., 1999) . The HO1 protein is similar to animal HO-1 in size as well as in structure (Muramoto et al., 1999) . The HO signature sequence LLVAHAYTR (amino acid residues 128-136 in animal HOs) is highly conserved between HOs of several animal species Takahashi et al., 1994a Takahashi et al., , b, 1995 Ito-Maki et al., 1995) , and is also conserved in AtHO1 (Muramoto et al., 1999) . In particular, His132 in animal HO-1, which is thought to play a structural role in stabilizing the HO protein (Matera et al., 1997) , is maintained in AtHO1. In addition, His86 in AtHO1, which corresponds to His25 of HO-1 in animals (Ito-Maki et al., 1995) , is also conserved. His25 is the axial haem iron ligand and is therefore an important residue for enzyme activity (Ito-Maki et al., 1995) . The conservation of these important residues suggests that the sequence similarity of AtHO1 to animal HO is significant. Here the amino acid sequence similarity of HO1s between higher plants (Arabidopsis, tomato, tobacco, pea, soybean, sorghum, maize, rice, and pinus), animals (human and rat), cyanobacteria (Synechocystis sp. PCC 6803 and Prochlorococcus marinus), and pathogenic bacteria (Corynebacterium jeikeium and Neisseria meningitidis) is also demonstrated (Fig 6) . Amino acid sequences were aligned and compared with the help of ClustalW (Thompson et al., 1994; Higgins et al., 1996) , and completely conserved; many similar functionally conserved and less similar amino acid residues are indicated. Davis et al. (2001) reported that the main difference between the HO1 and HO2 subfamilies is a 34-55 amino acid spacer in HO2 that replaces a small, moderately conserved block of HO1 sequence. The HO2 spacer is rich in glutamate and aspartate and/or small amino acids (glycine, alanine, valine, and serine), suggesting that it forms a flexible, solvent-exposed loop. However, whether these sequence changes affect the catalytic activity or specificity of the enzyme is not clear. The HO2 group also contains a potentially important change at the active site. For animal HO, a positionally conserved histidine is required for haem-iron binding and subsequent oxidative cleavage (Ortiz de Montelano and Wilks, 2001 ). This histidine is also retained in all algal and cyanobacterial HOs and members of the the plant HO1 subfamily (Davis et al., 2001) . A second histidine, needed for the structural integrity of animal HOs (Ortiz de Montelano and Wilks, 2001) , is present in all higher plant enzymes. The N-terminal extensions for the HO2 sequences are rich in proline and hydrophillic amino acids, residues not commonly found in transit peptides (Davis et al., 2001) ; thus the plastid location of HO2 remains in question.
Recently a crystal structure model of PsHO1 predicted by Linley et al. (2006) showed that despite the limited sequence identity between members of the HO family, the tertiary structures are remarkably conserved. The structure of PsHO1 would probably generate a realistic model of the tertiary structure and its active site interactions. This is supported by the observation that many key residues, predominantly those associated with haem binding, are conserved across all sequences. Although PsHO1 is only 13-21% identical to human HO-1, rat HO-1, Synechocystis HO1, and Corynebacterium diptheriae HmuO, the overall fold of the protein is very similar, with the relative position of the seven major a-helices highly conserved with those of published structures (Schuller et al., 1999; Sugishima et al., 2000; Hirotsu et al., 2004) . However, there was one clear difference between PsHO1 and other HOs in the haembinding pocket. The predicted PsHO1 structure appeared to contain a large space above the bound haem molecule. Modelling AtHO1 by the same method identified a similar pocket with the same location and size, but this pocket was not present in any of the animal or bacterial enzymes examined (Linley et al., 2006) . Plant HOs have been shown to exhibit saturable binding of ascorbate (Muramoto et al., 2002) , which is likely to function directly in the HO reaction as a cofactor. In this PsHO1 structure, an ascorbate molecule can be readily accommodated in this space at a suitable distance (predicted to be 3.3 Å ) to interact with the haem. Six residues in the protein, Glu96, Phe120, His207, Ile214, Tyr231, and Ser274, are also suitably placed, within 2.4-3.8 Å , to interact with the ascorbate. The ability to model an ascorbate molecule in close proximity to the haem suggests a possible explanation for the strong dependence of the plant HO reaction on ascorbate.
Haem degradation mechanism catalysed by HO in plants
The haem molecule is integral to life; the term haem refers to a complex of a metal ion (Fe, Mg, Mn, Zn, Sn, Cd, Co, Cd, Cu, Cr, and Ag) chelated in a porphyrin ring; the ring is protoporphyrin-IX. The term, however, is customarily used in reference to the iron complex of such chelates. In turn, porphyrins are cyclic tetrapyrroles in which the four pyrrole rings are attached through four meso (methane) bridges labelled as a, b, c, and d. The capacity of the chelated metal ion to undergo a reversible change in the oxidation state renders haem compounds as effective biological catalysts.
The haem degradation reaction catalysed by the HO system is essentially very similar to that of haem decomposition by the so-called coupled oxidation of myoglobin or haemoglobin with ascorbic acid (Lemberg, 1956; Yoshida and Kikuchi, 1975; Kikuchi et al., 2005) . This biological process initiated by HO catalyses oxidative degradation of Fe(III) protoporphyrin-IX (haem) to BV-IXa, Fe (II), and CO in the presence of reducing equivalents (Fig. 1 ). HO1 is a simple protein that does not have any of the prosthetic groups necessary for O 2 activation Kikuchi, 1978, 1979) . Instead, O 2 activation is performed by the substrate haem and its two intermediates, a-meso-hydroxyhaem and verdohaem (Kikuchi et al., 2005) . HO binds substrate haem at the specific position of its pocket to form the haem-enzyme complex. This complex behaves as a kind of haem protein, whose spectrophotometric properties closely resemble those of myoglobin Kikuchi, 1978, 1979) .
Moreover, the crystal structures of human, rat, and Synechocystis HOs in complex with haem (Omata et al., 1998; Schuller et al., 1999; Sugishima et al., 2004 Sugishima et al., , 2005 have been determined. These studies have led to significant progress in clarifying the mechanisms of individual steps of the HO reaction, although further investigation is needed to resolve some remaining controversy concerning the detailed mechanisms of some steps of the reaction (Mansfield Matera et al., 1996; Liu et al., 1997; Sakamoto et al., 1999) . To date the mechanism of haem cleavage by HO has been identified from a wide variety of organisms and has been found to be broadly conserved in all organisms (Muramoto et al., 2002; Gohya et al., 2006; Unno et al., 2007) .
The steps of the haem degradation pathway catalysed by HO in plants (Fig. 2) have been established through the changes in optical absorption spectra (Muramoto et al., 2002; Gohya et al., 2006) as each intermediate product has its characterstic absorption spectrum. The first step of the HO1-catalysed reaction is the formation of a stable complex with a haem molecule that is used as both substrate and prosthetic group. This is followed by three successive monooxygenation reactions to produce BV-IXa with the a-methene bridge carbon atom removed as CO and release of Fe 2+ . Haem oxidation appears to involve the formation of at least three intermediate complexes and three oxidation steps. These are: oxidation of haem to a-meso-hydroxyhaem (Fe 2+ ); oxidative conversion of hydroxyhaem to verdohaem (Fe 2+ ); and the oxidation of this compound to a BV-iron complex. (Ortiz de Montellano, 2000; Muramoto et al., 2002; Kikuchi et al., 2005) .
During successive HO reactions, two intermediates, a-hydroxyhaemin and verdohaem, have been generated in which the oxidation state of the verdohaem-HO complexes is controversial. To clarify this, the haem conversion by GmHO1 and rHO-1 was compared both under physiological conditions, with oxygen and NADPH coupled with ferredoxin reductase/ferredoxin for GmHO1 or with NADPH-cytochrome P450 reductase for rHO-1, and under non-physiological conditions with hydrogen peroxide. Electron parametic resonance (EPR) measurements of the haemin-GmHO1 reaction with oxygen detected a low-spin ferric intermediate, which was undetectable in the rHO-1 reaction, suggesting the verdohaem is in the six-coordinate ferric state in GmHO1 (Ghoya et al., 2006) . Optical absorption measurements of this reaction indicated that the haem degradation was extremely retarded at verdohaem, in this reaction and was not inhibited under high CO concentrations, unlike the rHO-1 reaction. In contrast, the GmHO1 and rHO-1 reactions with hydrogen peroxide both provided ferric low-spin intermediates though their yields were different. The optical absorption spectra suggested that the ferric and ferrous verdohaem co-existed in reaction mixtures and were slowly converted to the ferric biliverdin complex. Consequently, in the physiological oxygen reactions, the verdohaem is found to be stabilized in the ferric state in GmHO1, probably guided by protein distal residues, and in the ferrous state in rHO-1, whereas in the hydrogen peroxide reactions, hydrogen peroxide or hydroxide coordination stabilizes the ferric state of verdohaem in both HOs.
The use of ferredoxin and ascorbate as a redox partner for the full activity of HO in the haem degradation reaction has been reported (Muramoto et al., 2002) . Ascorbate reversibly binds to the enzyme and therefore may function as a cofactor rather than simply as a reductant. However, along with ferredoxin, if the strong iron chelator desferrioxamine is present the enzyme shows maximum activity (Muramoto et al., 2002) . Ferredoxin as an electron donor in the haem degradation reaction is conserved in all photosynthetic organisms examined to date (Ghoya et al., 2006) . Enzyme dependence on the presence of an iron chelator for BV formation is an important feature as it is required for the release of iron from the ferric BV complex (Rhie and Beale, 1995) .
Role of HOs in phytochrome chromophore synthesis in plants
The oxidative cleavage of haem by HO to form BV-IXa is the committed step in the biosynthesis of the phytochrome chromophore and thus essential for proper photomorphogenesis in plants (Emborg et al., 2006) . Haem, chlorophyll, and bilins are major tetrapyrroles/porphyrins and important molecules in living cells (Smith and Witty, 2002) .
Photosynthetic organisms possess sophisticated photosensory systems to adapt their growth and development to light conditions which are comprised of wavelength, fluence, direction, and duration of illumination. The phytochromes are photoreversible chromoproteins that, in plants, utilize the linear tetrapyrrole chromophore, PUB, which is covalently bound to an apoprotein of ;120 kDa (Parks and Quail, 1991; Terry et al., 1993) . These photoreceptors that mediate growth and development in response to changes in the surrounding light environment (Smith, 2000) respond primarily to red and far-red light. The complete PUB synthetic pathway is present in plastids. PUB is synthesized from 5-aminolaevulinic acid (ALA) by the same pathway that produces chlorophyll and haem Tu and Lagarias, 2005) . A key branch point is the cyclic tetrapyrrole protoporphyrin-IX. Protoporphyrin-IX is either shunted toward chlorophyll production by Mg 2+ chelatase that generates Mg-protoporphyrin-IX or toward haem production by ferrochelatase that generates haem (Papenbrock and Grimm, 2001 ). Bilins are a collective common name for linear tetrapyrroles. The major bilins in nature are BV, BR, phycocyanobilin (PCB), phycoerythrobilin (PEB), and PUB, and they are all derived from haem.
The degradation of haem to BV-IXa by HO is a biosynthetic process in photosynthetic organisms (Muramoto et al., 1999) (Fig. 3) . The synthesis of phytochrome chromophore occurs in two steps from haem. In the first step, BV-IXa is produced from the oxidative cleavage of haem by the enzyme HO. Although the substrates and products of this enzyme are identical to those of animal and bacterial HOs, there are a number of significant biochemical and functional differences between them Wilks, 2002; Frankenberg-Dinkel, 2004) . Further reduced bilins are synthesized from BV-IXa by the action of different bilin reductases (Frankenberg et al., 2001; Kohchi et al., 2001) (Fig. 3) . In plants the major product of the reaction, BV-IXa, is then converted to 3Z-PUB by a ferredoxin-dependent PUB synthase (Kohchi et al., 2001) . A HY2 gene was isolated by map-based cloning (Kohchi et al., 2001) . The deduced protein showed no sequence similarity to functionally identified proteins and was a soluble protein that contained a transit peptide for plastid import at its N-terminal region. The protein was expressed in E. coli and exhibited ferridoxin-dependent PUB synthase activity in vitro. For PCB and PEB synthesis, novel bilin reductases were identified and named PcyA, PebA, and PebB. The PcyA protein is PCB:ferredoxin oxidoreductase for four electron reduction of BV-IXa. PebA and PebB are dihydrobiliverdin:ferredoxin oxidoreductase and PEB:ferredoxin oxidoreducatase, respectively, for two successive reactions from BV-IXa to PEB. The primary product of PUB synthase is actually the 3Z-isomer of PUB (Kohchi et al., 2001) , while 3E-PUB is believed to be the immediate precursor of the bound chromophore (Terry et al., 1993) . A PUB isomerase, to accomplish this reaction, if present, has yet to be identified. Assembly of apophytochrome to PUB is autocatalytic and is currently thought to take place in the cytoplasm (Terry et al., 1993) .
Molecular genetic approaches have contributed to the understanding of photomorphogenesis in plants (Chory et al., 1996; Muramoto et al., 1999) . Mutants that are unable to synthesize the phytochrome chromophore have proved to be important in developing our understanding of the role of the phytochromes in light-regulated plant development (Terry, 1997; Linley et al., 2006) . The most extensively studied phytochrome chromophore mutants are the hy1 and hy2 mutants of A. thaliana (Koornneef et al., 1980) and the aurea (au) and yellow-green-2 (yg-2) mutants of tomato (Koornneef et al., 1985) . The hy1 and hy2 mutants do not respond to red and far-red light, although the phytochrome apoprotein is synthesized normally (Chory et al., 1989) . Similarly, the tomato mutant (yg-2) was shown to be deficient in BV-IXa synthesis . These mutants are probably deficient in phytochrome chromophore biosynthesis, because feeding experiments with BV restore the wild-type phenotype (Parks and Quail, 1991) . Another important mutant in this class is the phytochrome chromophore-deficient-1 (pcd1) mutant of pea (Weller et al., 1996) . Seedlings of pcd1 failed to deetiolate in far-red light, had severely reduced sensitivity to red light, and contained <1% of the wild-type phytochrome level (Weller et al., 1996) . This pcd1 mutant is unable to convert haem to BV-IXa and was found useful for providing biochemical evidence that the conversion of haem to BV-IXa is an enzymatic process in higher plants (Weller et al., 1996) . This suggested that pcd1 was a HO-deficient mutant (Weller et al., 1996) . The pcd1 mutant, like other chromophore mutants, not only continues to be a useful tool for understanding a variety of photomorphogenic responses (Terry et al., 2001 ), but as the only known haem degradation mutants in a legume species may be an important resource in the study of nodulation and nitrogen fixation. Root nodules contain exceedingly high concentrations of haem and thus haem metabolism is of great interest (O'Brian, 1996) . It is possible, however, that these mutants are related to the regulatory functions of HO activity. These mutants are often used for studies on gene expression, Fig. 3 . Pathway of photoreceptor (light-harvesting pigments) synthesis by BV-IXa generated in the haem degradation pathway catalysed by HO1. BV-IXa is further reduced to produce phytochromobilin (PUB) in plants, phycoerythrobilin (PEB) in algae, and phycocyanobilin (PCB) in cyanobacteria by the action of different bilin reductases. These bilin reductases are ferredoxin dependent (pcyA, PCB:ferredoxin oxidoreductase; pebA, dihydrobiliverdin:ferredoxin oxidoreductase; pebB, PEB:ferredoxin oxidoreductase).
physiology, biochemistry, the phytochrome chromophore biosynthesis pathway, and signalling mediated by phytochrome (Oelmü ller and Kendrick, 1991; Parks and Quail, 1991; Becker et al., 1992; Bowler and Chua, 1994; Terry, 1997; Davis et al., 2001) .
More recent analysis of HO2 suggested that it also plays a role in phytochrome assembly and photomorphogenesis (Emborg et al., 2006) . The complex phenotypes of hy1 mutants coupled with the more subtle effects of the ho2-1 mutant raised the possibility that HO3 and HO4 also have important roles in phytochrome assembly and/or haem breakdown (Emborg et al., 2006) . Although ho3 and ho4 mutants are not phenotypicaly compromised either singly or together, they enhance the photomorphogenic defects of hy1 plants and further depress the level of holophytochrome in ho2 seedlings when combined (Emborg et al., 2006) . Through a phenotypic analysis of T-DNA insertion mutants affecting HO3 and HO4 in combination with mutants affecting HO1 and HO2, Emborg et al. (2006) demonstrated that both the HO3-and HO4-encoded proteins also have roles in photomorphogenesis, especially in the absence of HO1. Disruption of HO3 and HO4 in the hy1 background further desensitizes seedlings to red and far-red light and accelerates flowering time, with the triple mutant strongly resembling seedlings deficient in the synthesis of multiple phytochrome apoproteins. Collectively, the multiple HOs contribute to the production of PUB needed to assemble photoactive phytochromes in Arabidopsis. Whereas the Arabidopsis HO1 protein has been confirmed enzymaticaly to generate BV-IXa from haem in a ferredoxin-and O 2 -dependent reaction (Muramoto et al., 1999 (Muramoto et al., , 2002 , this activity has not yet been demonstrated for HO2, HO3, and HO4. Such confirmation is particularly important for HO2 as it represent a separate HO type based on phylogenetic analyses (Davis et al., 2001) .
Emerging role of HOs in plant cell defence against oxidative stress
Under normal conditions the production and destruction of ROS are regulated well in cell metabolism. However, under environmental stress the balance between peroxidative and antioxidative reactions is shifted in favour of the former, and this shift of balance has been defined as oxidative stress (Foyer et al., 1997) . The relationship between cellular redox imbalances leading to oxidative stress through biotic and abiotic stresses in plants has been studied intensely over the past decades. Biotic and abiotic stresses cause redox imbalances which lead to ROS generation; they also cause metabolic imbalances and ionic disturbances that ultimately lead to cell damage, but these stress events in cells would lead to induction of signalling components for acclimation and repair (Shekhawat et al., 2010; Verma et al., 2008; Sharma and Dietz, 2008) . However, abiotic stresses disrupt the equilibrium between ROS generation and detoxification (Moller et al., 2007) .
Antioxidant defence mechanisms keep the routinely formed ROS at a low level and prevent them from exceeding toxic thresholds (Mittler et al., 2004) . The antioxidant network consists of enzymatic and non-enzymatic components: O 2 Á -scavenging by superoxide dismutase (SOD), and hydrogen peroxide (H 2 O 2 ) decomposition by ascorbate peroxidase (APX), peroxiredoxins (PRXs), and catalase (CAT) are predominantly associated with the maintenance of the cellular redox steady state. Other enzymes involved are glutathione peroxidase (GPX) and glutathione S-transferases (GSTs) which also contribute to the redox poise of cells and changes within them. However, we often come across questions such as, are there any undiscovered or neglected defence mechanisms against biotic and abiotic stresses that have a significant role in the area of plant stress physiology, but at present there are few answers to this. HO has recently been described as a molecule involved in ROS scavenging in animals and plants (Stocker et al., 1987; Ryter and Tyrrell, 2000; Baranano et al., 2002; Noriega et al., 2004; Balestrasse et al., 2005 Balestrasse et al., , 2008 . In mammals, HO-1 has emerged as a major component of cellular stress defence (Ryter and Tyrrell, 2000) , but in plants it is less studied and only a few reports are available to explain its antioxidant properties. For example, in soybean plants, a role for HO1 in antioxidant defence against cadmiuminduced oxidative stress has been reported (Balestrasse et al., 2005 (Balestrasse et al., , 2008 . Other reports on HO1 induction under abiotic stress involve the enhancement of HO1 mRNA in soybean plants encountering UV-B stress (Yannarelli et al., 2006) . Here enhancement of HO1 expression is a dose-dependent process occurring as a mechanism of cell protection against oxidative damage involving ROS (Yannarelli et al., 2006) . However, there are also some controversial reports, such as that Medicago sativa HO1 has not shown induction by prooxidant compounds including H 2 O 2 , paraquat, and sodium nitroprusside, suggesting that it is not playing any role in antioxidant networking (Baudouin et al., 2004) . However, it is expressed in alfalfa mature nodules but its involvement in leghaemoglobin metabolism is not yet clear. Moreover, both BV-IXa and BR (BV in plants and BR in animals) have been shown to have strong antioxidant properties in vitro (Platt and Nath, 1998; Otterbien et al., 2003; Balestrasse et al., 2005) and this has led to speculation that HO may have a protective role against tissue injuries in plants. Previous reports showed that HO in red algae is an inducible enzyme modulated by environmental factors including light and the presence of a heterotrophic carbon source (Rhie and Beale, 1994) . Ritz et al. (2000) have reported that the gene coding for the algal HO was regulated negatively by high light intensity at the mRNA level. The role of HO1 in the antioxidant defence system was also proved by antioxidant pre-treatment studies in soybean plants (Yannarelli et al., 2006) . Ascorbic acid pre-treatment of plants given prior to UV-B treatment blocked the increased transcript level of HO1 (Yannarelli et al., 2006) . However, a lot of clarifications and justifications are needed to prove the role HO in plant systems against abiotic and biotic stresses, but most of the above reports are in full support of its role in cell protection towards oxidative stress in plants.
Proposed role of BV, CO, and Fe in plant cell defence
The role of HO and its product BV as a component of the antioxidant defence system is well documented in animal systems (Tomaro and Batlle, 2002; Otterbien et al., 2003) . These reports prompted other groups to examine further the basic mechanisms of cellular defence that HO adapts for cell protection against oxidative stress. In the case of plants, the mechanism of HO involvement in cell protection is not yet clear. However, further reports on antioxidant properties of all three by-products of the HO1-catalysed reaction might be helpful in answering this question (proposed in Fig. 4) . BV generated through the HO1-catalysed reaction is an efficient scavenger of ROS (Stocker et al., 1987; Stocker, 1990) ; therefore, an increase in BV due to HO1 induction in soybean plants under cadmium stress (Balastrasse et al., 2005 (Balastrasse et al., , 2008 was thought to be an antioxidant response to the initial oxidative stress. BV (10 lM) along with Cd (200 lM) completely prevents the increase in TBARS (thiobarbituric acid-reactive substances) content as well as decreases in SOD, glutathione reductase and GPX levels in soybean plants, showing its antioxidant property (Balastrasse et al., 2005) . However, at the transcript level further experiments remain to be carried out. Therefore, HO could play a beneficial antioxidant role through increased BV levels (Balastrasse et al., 2005) , which may be acting either as a phytochrome chromophore precursor or as an efficient ROS scavenger.
The second component of the HO1-catalysed reaction is CO, and only recently it has become known that at very low concentrations it participates in many physiological reactions (Otterbein et al., 2000; Sa et al., 2007) . Nearly five decades ago, Sjostrand (1949) showed that the oxidatively cleaved carbon bridge was converted to CO in a stoichiometric ratio to the haem degraded in animals. Later, Troxler et al. (1970) showed that formation of photosynthetic open tetrapyrroles in blue-green algae is also accompanied by formation of CO. More recent studies demonstrated the HO1-dependent formation of CO in algae and plants (Beale and Cornejo, 1984; Muramoto et al., 2002) . CO is not a free radical and therefore cannot produce tissue damage like ROS (Maines, 1997). The total cellular production of CO is generated primarily via the haem degradation reaction catalysed by HO (Marilena, 1997) . In the case of plants there are only few data substantiating a protective role for CO in vivo against oxidative stress, whereas in the case of mammals it is well documented that CO provides potent cytoprotective effects (Otterbein et al., 2000) including attenuation of lipid peroxidation induced by oxidants in animal tissues. According to a recent report, CO exerts a cytoprotective and antioxidant effect in wheat seedlings (Sa et al., 2007) . Pre-treatment of wheat plants with 0.01 lmol l À1 haematin (a CO donor) alleviated salt-induced oxidative damage in leaves. In another report, haematin and CO aqueous solution were shown to induce CAT and SOD activities in Oryza sativa, thus resulting in alleviation of salt-induced oxidative damage and a decrease in TBARS content (Liu et al., 2007) . Treatment with haematin for 36 h results in Fig. 4 . Proposed illustration of cell protection against stress (biotic or abiotic that generates ROS) via HO1 in the plant cell. BV-IXa and CO, generated in the HO1-catalysed reaction, have a role in alleviation of oxidative stress (references are given in the text); however, the role of ferritin is still not certain. Fig. 5 . Crystal structure of HO1 and HO2 from the cyanobacterium Synechocystis sp. PCC6803 in complex with haem. This structure has taken from the NCBI submitted by Sugishima et al. (2004 Sugishima et al. ( , 2005 the potent induction of HO1 transcript, HO activity, and CO content in germinating seeds (Liu et al., 2007) . CO potentially exerts its physiological effects by influencing at least three known pathways. By complexation with the haem moiety of the enzyme, CO activates soluble guanylate cyclase (sGC), stimulating the production of cGMP (Duckers et al., 2001) . CO potentially influences other intracellular signal transduction pathways. The mitogenactivated protein kinase (MAPK) pathways, which transduce oxidative stress and inflammatory signalling (i.e. response to lipopolysaccharide), may represent an important target of CO action (Otterbein et al., 2000) . CO is an important bioactive or signalling molecule in mammalian cells and its effects are mainly mediated by nitric oxide (NO) and cGMP (Otterbein et al., 2000) . HO in plants, also involved in ABA-induced stomatal closure, NO and cGMP may function as downstream intermediates in the CO signalling responsible for stomatal closure . The HO/CO system is also thought to have an advantageous effect on attenuation of inhibition of seed germination and seedling growth induced by salt stress (Liu et al., 2007) . However, the basic mechanisms related to these aspects are poorly understood and need further research.
The fate of the third component of HO system, i.e. released iron, in plants is almost unknown. That HO helps in releasing iron from available cell components under iron deprivation conditions has only been reported in red algae Fig. 6 . Amino acid sequences of HO1 from different organisms (higher plant, animal, cyanobacterial, and bacterial origin) were aligned and compared with the help of the ClustalW algorithm (Thompson et al., 1994; Higgins et al., 1996) after converting sequences to FASTA format. Completely conserved amino acid residues are indicated by a (*), most similar functionally conserved residues by a (:), less similar sequences by a (Á), and unrelated pairs by a space between the amino acid pairs. (Richaud and Zabulon, 1997) . However, in the case of animals, free iron (its two free electrons capable of generating the hydroxyl radical) released through the Fenton reaction with the superoxide radical is rapidly sequestered into the iron storage protein ferritin. This upregulation of ferritin in animal cells (Nath et al., 1992) can itself lower the pro-oxidant state of the cell by removing the free iron . Vile and Tyrrell (1993) showed that ferritin levels increase in the presence of oxidative stress such as UV irradiation, but this type of stress removal mechanism has not yet been demonstrated in plants and thus is a suitable avenue for further research.
Conclusion and future perspectives
In higher plants and other photosynthetic organisms such as algae and cyanobacteria, HOs have a variety of roles: (i) biosynthesis of the bilin chromophore for photosynthetic antennae or photoreceptor synthesis; (ii) release of iron from available cell components under deprivation conditions; and (iii) a key role as an antioxidant in the cell protection machinery of higher plants. The investigation of the biological role of the HO system and its products is gaining rapid momentum. Considerable advances have been made in the area of HO research, but biochemical and molecular characterization of HO isoforms (structural and functional aspects) is still not well elucidated in plants.
In particular, further understanding of the molecular mechanisms of differential regulation and expression of HO isoforms, which play a key role in the regulation of vital cellular haem proteins, is needed. The mechanisms by which endogenous and exogenous factors regulate biogenesis of HO in plants are another aspect of research that has to be elucidated. It can be predicted that in the near future it will be found that the biological roles of the HO isoforms and their by-products will far exceed the aforementioned systems, and research will be extended to the therapeutic aspects of modulating the HO activity of systems, both to inhibit and to induce output of its products.
Evidence from numerous recent in vitro plant studies indicates that HO1 provides a protective role in cellular metabolism of higher plants that are under abiotic stress. The question of whether or not CO can be used as an antioxidant by plant cells to alleviate oxidative stress will soon be answered as several reports are emerging related to this issue. The players (CO, BV-IXa, and ferritin) have been identified, but the destinies and interactions among these characters remain elusive: gas molecules, metal ions, and organic antioxidants, all intermingling within the cellular milieu affecting biological processes; all undoubtedly toxic; all possessing some manner of physiological function in the vastly complex cellular and molecular environment. Hopefully, in the future, this expanded knowledge of HOs will be helpful in the discovery of novel approaches for plants and will undoubtedly become beneficial in the area of plant biotechnological research.
